Introduction {#s1}
============

Morphine is the opioid most prescribed to treat acute and chronic pain. The effects of morphine exposure on CNS have mainly been investigated through the lens of neuronal pathways and the opioid systems in particular, with special emphasis on the development of tolerance and addiction ([@CIT0007]; [@CIT0013]; [@CIT0024]). Imaging studies have considerably improved our knowledge regarding the function and regulation of the opioid system in the human brain ([@CIT0007]). However, these studies have not fully elucidated the parameters that control the great variability in the response to opioid drugs, in terms of their analgesic and adverse effects, observed in clinical practice ([@CIT0017]; [@CIT0024]).

Many preclinical studies have highlighted the interaction of morphine and other opioids with the innate immune system of the brain, especially microglial cells ([@CIT0023]). Morphine and its metabolites have been shown to promote microglial activation and trigger inflammatory pathways such as that of Toll-like receptor 4, with the release of proinflammatory cytokines in the brain, in a similar fashion to the classic Toll-like receptor 4 ligand, lipopolysaccharide ([@CIT0004]; [@CIT0022]). Interestingly, microglial activation may also modulate the pharmacological actions of morphine ([@CIT0009]), including their pain-relieving properties ([@CIT0023]) as well as the potency of their reward and dependence effects ([@CIT0003]; [@CIT0003]). Indeed, modulators of glial activation such as minocycline or ibudilast were shown to enhance acute morphine analgesia ([@CIT0009]). Blockade of the actions of proinflammatory cytokines such as IL-1β, IL-6, and TNFα were shown to prevent or at least attenuate the development of tolerance induced by chronic morphine exposure. Interestingly, modulators of glial activation may also impact morphine-induced behavioral reward, withdrawal symptoms, and dopamine release in the nucleus accumbens (for review, see [@CIT0003]). This suggests that glial modulation may be an underexplored parameter of the variability of response to opioids in patients. Suitable tools are therefore needed to highlight and measure the neuroimmune component of opioid pharmacology in humans and evaluate its contribution to pharmacodynamics ([@CIT0010]).

The most advanced approach currently available for the noninvasive investigation of glial cell activation is positron emission tomography (PET) imaging using radiolabeled ligands of the translocator protein-18kDa (TSPO). Baseline TSPO expression in the brain differs from the measurable TSPO overexpression detected in many neuroinflammatory diseases ([@CIT0011]). The neuroimmune response to lipopolysaccharide-induced systemic inflammation has recently been shown using TSPO PET imaging in baboons ([@CIT0006]) and humans ([@CIT0020]). \[^18^F\]DPA-714, a TSPO PET radioligand, is used to study the neuroinflammatory component of CNS diseases and has reached clinical status, allowing for the clinical translation of preclinical findings ([@CIT0001]; [@CIT0016]).

In this study, we used \[^18^F\]DPA-714 PET imaging to investigate neuroinflammatory changes in the brain following morphine exposure in a nonhuman primate model.

Methods {#s2}
=======

Study Design {#s3}
------------

The brain distribution of \[^18^F\]DPA-714 was measured in 5 baboons at baseline and after i.m. injection of a single dose of morphine (1 mg/kg) in awake animals 2 hours before \[^18^F\]DPA-714 PET imaging.

Animals {#s4}
-------

Healthy Male *Papio anubis* baboons (25--30 kg, 8--10 years old) were obtained from the primatology station at Rousset-sur-Arc (France). PET studies were carried out using 5 different animals for a total of 10 experiments. Animal use procedures were in strict accordance with the recommendations of the European Community (86/609/CEE) and the French National Committee (Decret 87/848) for the care and use of laboratory animals. A resting period of 35±13 days was observed between experiments. The experimental protocol was evaluated by a local ethics committee (CETA/APAFIS\#892).

Drugs, Chemicals, and Radiochemicals {#s5}
------------------------------------

Sterile morphine sulfate solution was purchased from Aguettant (Lyon, France). Propofol (200 mg/20 mL) was purchased from Fresenius Kabi (Sèvres, France). DPA-714 was labeled with fluorine-18 at its 2-fluoroethyl moiety using a tosyloxy-for-fluorine nucleophilic aliphatic substitution, following slight modifications to procedures already reported and using a commercially available GE TRACERLab FXFN synthesizer (GE Medical Systems, Buc, France) ([@CIT0014]). Typically, 10 GBq \[^18^F\]DPA-714 was obtained within 60 minutes, including high-performance liquid chromatography purification and formulation. Ready-to-inject, \>99% radiochemically pure \[^18^F\]DPA-714 (formulated in physiological saline containing \<10% ethanol) was obtained with 15% to 20% nondecay corrected yields and specific radioactivity at the end of radiosynthesis ranging from 37 to 148 GBq/µmol ([@CIT0014]).

PET Imaging {#s6}
-----------

\[^18^F\]DPA-714 brain PET imaging was performed using an HR+ Exact positron tomograph (Siemens Healthcare, Knoxville, TN) as previously described ([@CIT0019]). Anesthesia was maintained using an i.v. bolus of propofol (20--30 mg) followed by 10 mg/kg/h i.v. infusion under oxygen ventilation. The head of the baboon was positioned in the tomograph in such a way as to have the brain and parotid glands in the same field of view. Animals were i.v. injected with \[^18^F\]DPA-714 (226 ± 21 MBq) followed by 120 minutes dynamic PET acquisition. Physiological monitoring, including heart rate, oxygen saturation (SpO~2~), respiratory rate, and end-tidal CO~2~, was performed throughout the duration of the PET scan.

Metabolite-Corrected Input Function {#s7}
-----------------------------------

During PET scanning, arterial blood samples were drawn at designated times (from 0 to 120 min). Additional arterial plasma samples obtained at 5, 15, 30, 60, 90, and 120 minutes were analyzed using a validated solid-phase extraction method to determine the fraction of unmetabolized parent \[^18^F\]DPA-714 in plasma ([@CIT0018]). For each animal, unmetabolized parent \[^18^F\]DPA-714 in plasma was expressed as the standardized uptake value (SUV=\[radioactivity per mL plasma/injected radioactivity\] x body weight).

PET Data Processing {#s8}
-------------------

Before the study, each baboon underwent an anatomical 3D T1-weighted MRI. MR images were co-registered onto PET images summed over the 120-minute acquisition. The individual co-registered MR images were warped onto a baboon T1 MR template ([@CIT0002]). Matrices were then applied to the dynamic PET images, using SPM (statistical parametric mapping, Wellcome Department of Cognitive Neurology, London, UK), MATLAB (Math Works, Natick, MA), and PMOD (PFUSION tool, version 3.7, PMOD Technologies Ltd., Zurich, Switzerland). Twelve brain structures obtained from the template MR were analyzed as volume of interest (VOI). In addition, the parotid glands were manually drawn on PET images. \[^18^F\]DPA-714 kinetics was measured in each VOI for both conditions (baseline and acute morphine treatment). Regional time-activity curves, expressed in SUV units vs time, were generated by calculating the mean radioactivity in the 12 VOIs, whole brain, and parotid glands. Pharmacokinetic modeling was performed to describe the PET data and compare \[^18^F\]DPA-714 brain distributions. \[^18^F\]DPA-714 volume of distribution (V~T~; mL/cm^3^) was estimated in all VOIs using the Logan graphical method, considering arterial plasma corrected for metabolites as the input function (PMOD software, Zurich, Switzerland). Differences between groups were assessed using a 1-tailed paired *t* test (GraphPad Prism software). The threshold for statistical significance was set at *P*\<.05.

Results {#s9}
=======

Arterial Input Function {#s10}
-----------------------

The plasma kinetics of parent \[^18^F\]DPA-714 was described by a distribution phase followed by an elimination phase that started 25 minutes after injection ([Figure 1a](#F1){ref-type="fig"}). Mean SUVs measured from 40 to 120 minutes (elimination phase) were not different between baseline (0.06 ± 0.01) and acute morphine conditions (0.05 ± 0.01).

![\[^18^F\]DPA-714 positron emission tomography (PET) kinetics in the plasma, brain, and parotid glands. Animals were injected with 226 ± 21 MBq \[^18^F\]DPA-714 i.v. followed by 120 minutes PET scanning. The plasma kinetics of unmetabolized parent \[^18^F\]DPA-714 in the presence or absence of morphine (1 mg/kg: i.m.) is shown in A (mean ± SD; n=5). Individual PET kinetics of radioactivity in the brain and parotid glands are shown in B and C, respectively. Data are shown as standardized uptake values (SUV).](pyw07701){#F1}

PET Imaging {#s11}
-----------

[Figure 1b](#F1){ref-type="fig"} displays the individual brain kinetics of \[^18^F\]DPA-714 under the conditions tested. Two distinct baseline time-activity curves profiles could be distinguished among the 5 baboons. In baboons 1 and 2, baseline brain radioactivity increased rapidly (T~max~ \~ 7 min), followed by fast elimination from the brain. In the 3 other animals, radioactivity peaked later (T~max~ \~ 20 min) with a much slower decrease in the brain. The estimation of brain \[^18^F\]DPA-714 V~T~ confirmed this observation with V~T\ baseline~=5.7 and 6.5 mL.cm^-3^ in the low-binding group (n=2) and 19.8 ± 5.3 mL.cm^-3^ in the high-binding group (n=3). In morphine-treated animals, \[^18^F\]DPA-714 V~T~ (V~T\ morphine~=18.8 ± 11.8 mL.cm^-3^) was significantly higher than V~T\ baseline~ (14.3±8.4 mL.cm^-3^; *P*\<.05, n=5). Regional analysis and ANOVA (*P*\>.05) showed that the response to morphine, estimated by V~T\ morphine~/V~T\ baseline~, was not different between the different brain regions ([Figure 2](#F2){ref-type="fig"}).

![\[^18^F\]DPA-714 brain distribution obtained before and after morphine administration in baboons. Representative \[^18^F\]DPA-714 positron emission tomography (PET) images obtained at baseline and 2 hours after morphine administration (1 mg/kg; i.m.) are shown in A. These are summed (0 to 120 minutes) and standardized uptake value (SUV)-normalized PET images obtained in an animal of the high-binding group (baboon 5). Estimated distribution volume (V~T~) of \[^18^F\]DPA-714 in the whole brain and parotid glands of each animal are shown in B. The ratio of V~T\ morphine~ to V~T\ baseline~ (means ± SD) in different brain regions is shown in C for all animals (n = 5) and for animals of the high-binding group only (n = 3).](pyw07702){#F2}

Interestingly, the increase in V~T~ in the low-binding group was modest compared with the high-binding group. Representative PET images obtained in the high-binding group are shown in [Figure 2](#F2){ref-type="fig"}. The increase in V~T~ was significant even when only animals from the high-binding group were considered (*P*\<.05, n=3), with no regional difference between brain regions (*P*\>.05, n=3) ([Figure 2](#F2){ref-type="fig"}).

In the parotid glands, a TSPO-rich region, differences in radioactivity kinetics between the low- and high-binding groups were also observed under both baseline and acute morphine conditions ([Figure 1c](#F1){ref-type="fig"}). Compared with baseline (V~T\ baseline~=88.8±43.7 mL.cm^-3^), morphine exposure resulted in higher V~T~ (V~T\ morphine~=121.6±78 mL.cm^-3^), although this difference was not statistically significant when including all 5 animals (*P*\>.05). There was no increase in V~T~ in the low-binding group, but the increase was statistically significant when only animals from the high-binding group were included (n=3, *P*\<.05) ([Figure 2](#F2){ref-type="fig"}). There was a significant correlation between V~T~s measured in the brain and V~T~s estimated in the parotid glands for the 10 \[^18^F\]DPA-714 PET experiments (r = 0.88, *P*\<.001, linear regression).

Discussion {#s12}
==========

TSPO expression in the brain, estimated by \[^18^F\]DPA-714 V~T~ in nonhuman primates, was significantly increased after acute morphine exposure. The effect was observed globally across all brain regions and was not restricted to opioid receptor-rich regions ([@CIT0013]).

Several ex vivo studies, mainly performed in rodents, have shown the morphine-induced upregulation of microglial and/or astrocytic activation markers as well as the morphine-induced upregulation and/or release of proinflammatory cytokines and chemokines. In vitro studies have also reported the direct actions of opioids on glia ([@CIT0023]). Our results suggest that the neuroimmune response to acute morphine exposure can be detected and quantified in vivo by PET imaging using the TSPO ligand \[^18^F\]DPA-714.

In animals from the high-binding group, the increase in \[^18^F\]DPA-714 binding was also significant in the parotid glands, a peripheral region rich in TSPO. This suggests that the immune response to morphine is not restricted to the brain but may involve peripheral processes.

Interestingly, we show that the response to morphine exposure in the brain and parotid glands can be predicted from the baseline V~T~ of \[^18^F\]DPA-714. Animals in the group with low binding at baseline showed a negligible response to acute morphine compared with animals in the high-binding group, in which the increase in V~T~ was significant. This inter-individual difference in baseline \[^18^F\]DPA-714 binding appears to be an indicator of the previous priming of the immune response to morphine. From a methodological point of view, the absence of response in the low-binding group indicates that the effect observed in the high-binding group is not due to any pharmacokinetic or TSPO-independent interaction between morphine and \[^18^F\]DPA-714 kinetics in the brain. To the best of our knowledge, such variability in the baseline PET kinetics of \[^18^F\]DPA-714 has not been reported when considering animals scanned in the same PET center but can be observed when comparing for baboons from different centers ([@CIT0012]; [@CIT0019]). Differences between baboons in the baseline brain kinetics of the TSPO radiotracer \[^11^C\]PBR28 have been reported ([@CIT0006]). Similar variability in baseline \[^18^F\]DPA-714 brain distribution (V~T~=6.58±4.13 mL.cm^-3^) could be observed in healthy male cynomolgus macaques ([@CIT0015]).

Further investigations are needed to assess whether the differences in baseline \[^18^F\]DPA-714 binding and response to morphine exposure correspond to the known genetic variability observed in humans ([@CIT0005]) or to environmental factors linked to an increased sensitivity of microglial function ([@CIT0025]). We did not identify any parameter (origin, age, nature/number of previous anesthesia, or treatments) that could explain the disparity between the low- and high-binding groups, but our results suggest that they may be of prime importance for the interpretation of TSPO PET data imaging in humans and nonhuman primates. Moreover, long-term changes in microglial function have been associated with an increased risk of drug-induced reinstatement of addiction behavior in adulthood ([@CIT0021]). One could thus hypothesize that baseline \[^18^F\]DPA-714 kinetics and/or response to morphine-induced proinflammatory stimuli would predict the variability in pharmacodynamics and tolerance.

Acute morphine exposure increases the binding of \[^18^F\]DPA-714 to the brain in nonhuman primates. The effect predominated in animals with the highest baseline uptake, suggesting a role for priming parameters that remain to be identified in controlling the neuroimmune response to morphine.
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